Change in Cerebrospinal Fluid Pressure During
Pneumoencephalography Under Nitrous

Oxide Anesthesia

Lawrence J. Saidman, M.D., and Edmend 1. Eger, I, M.D.

An increase in cerebrospinal fluid pressure ve-
curs in dogs and humans anesthetized with nitrous
oxide after air has been injected into the cerebral
ventricles. The mechanism for the increase in
pressure is felt to be due to the difference in
blood solubility between nitrous oxide and nitro-
gen. Nitrous oxide, being 30 times more soluble
in blood than nitrogen,.is carried to the air-con-
taining ventricles in a greater quantity than the
amount of nitrogen that can be carried away from
the ventricles. The result is an increased number
of molecules within the ventricles and an increase
in intraventricular pressure., This pressure in.
crease might prove fatal, especially in an indi-
vidual whose cerebrospinal fluid pressure is al-
ready clevated, Either the avoidance of nitrous
oxide anesthesia or the use of nitrous oxide as the
contrast gas would eliminate the rise in pressure.

Huxter ' and, more recently, Eger and Said-
man * have shown that nitrous oxide is carried
to a closed air-containing space within the
body in greater quantity and at a more rapid
rate than nitrogen can be carried away. This
results in an increased number of gas mole-
cules within the space. This should also occur
within the ventricles after air has been in-
jected for a pneumoencephalogram and might
dangerously increase intracranial pressure since
the gas is enclosed by a relatively rigid con-
tainer. To check the validity of this hypothesis,
we measured changes in cerebrospinal fuid
(CSF) pressure that occurred during pneumo-
encephalography under nitrous oxide anes-
thesia.
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Methods

Four mongrel dogs were anesthetized with
pentobarbital, 20 mg./kg., intravenously. Fol-
lowing endotracheal intubation, anesthesia was
maintained with halothane, 1-2 per cent, and
oxygen. To eliminate hypercarbia as a cause
of elevated intracranial pressure, the dogs’
lungs were ventilated to establish and main-
tain a Peg, of 20 mm. of mercury. A poly-
ethylene canula was placed in a femoral artery
both for monitoring arterial blood pressure and
for withdrawing arterial blood samples for
blood gas analysis. Pgg, Py, and pH were
determined periodically and standard bicar-
bonate and base deficit or excess were de-
termined from a Siggaard-Anderson nomogram.
Base deficit was corrected with appropriate
amounts of sodium bicarbonate. A constant
infusion of lactated Ringer’s solution was given
intravenously. Esophageal temperature was
monitored with a Telethermometer (Yellow
Springs Corp.) and maintained at 37° C.

A 5 cm. no. 20 spinal needle was introduced
into the cisterna magna and connected via a
nylon catheter to a Statham strain gauge trans-
ducer. Arterial and cisternal pressures were
continuously recorded on a direct writing
polygraph.

Cisternal pressure was first recorded while
the dogs’ lungs were ventilated with halothane
and oxygen. In 2 of the dogs when cisternal
pressure had been stable for 30 minutes, 5-10
ml. of CSF were removed and an equal volume
of air injected. When cisternal pressure was
again stable, 75 per cent nitrous oxide was
added to the anesthetic mixture. End-tidal
nitrous oxide was collected with an Otis-
Fenn-Rahn end-tidal sampler and monitored
with a Beckman infrared nitrous oxide ana-
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Fic. 1. Rise in cisternal pressure of dogs fol-

lowing the addition of 75 per cent nitrous oxide to
the anesthetic at time zero, The cistern was
initially filled with air and stable control pres-
sures of from 0 to 30 mm. of mercury were ob-
tained.

lyzer. The nitrous oxide was continued until
the cisternal pressure was again stable. At
this time, nitrous oxide was discontinued
and the cisternal pressure was recorded until
it no longer changed. This process was re-
peated several times in the same dog.

In the third dog, following control pressure
measurements with halothane oxygen anes-
thesia and without injecting air into the cistern,
nitrous oxide was added to the anesthetic mix-
ture to determine the effect of nitrous oxide
anesthesia on the cerebrospinal fluid pressure.
End-tidal nitrous oxide was collected with an
Otis-Fenn-Rahn end-tidal sampler and moni-
tored with a Beckman infrared nitrous oxide
analyzer. The nitrous oxide was continued
until the cisternal pressure was again stable.
At this time, nitrous oxide was discontinued
and the cisternal pressure was recorded until
it no longer changed. This process was re-
peated several times in the same dog, follow-
ing which measurements under halothane oxy-
gen anesthesia were repeated, CSF removed,
air injected and the experiment continued as
in the first 2 dogs.

In the fourth dog, following control pres-
sure measurements under halothane oxygen
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anesthesia, nitrous oxide was added to the
anesthetic mixture prior to removal of CSF,
After a steady cisternal pressure was observed,
CSF was removed, an equal amount of nitrous
oxide was injected into the cistern, and cis-
ternal pressure was recorded for 30 minutes,
Following this, air was injected into the cistem
and the pressure observed as in the original
experiments.

Similar observations were made on three
patients undergoing pneumoencephalography.
These patients were premedicated with pento-
barbital (Nembutal) and atropine and anes-
thetized with halothane and oxygen. After
succinylcholine was given, the tracheas were
intubated with cuffed endotracheal tubes.
Ventilation was controlled to eliminate elevated
Pgo. as a cause for increased intracranial pres-
sure. A lumbar puncture was performed with
the patient in the sitting position and a volume
of air sufficient to permit adequate visualiza-
tion of the ventricles was injected (62, 85, and
55 ml, respectively). When injection was
complete, the needle in the lumbar subarach-
noid space was connected via a polyethylene
catheter to a Statham strain gauge and the
CSF pressure continuously recorded. After a
stable pressure recording was obtained, nitrous
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Fic. 2. Decrease in dogs’ cisternal pressure fol-

lowing the discontinuation of nitrous oxide anes-
thesia at time zero. e pressure decrease is de-
layed for 1-2 minutes because it took this long
for the end-tidal nitrous oxide concentration to
fall significantly and becawe of the time delay
for nitrous oxide washout from the brain.3
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oxide was added to the anesthetic mixture in
an inspired concentration of 70-75 per cent.
CSE pressure again was recorded until a peak
rise was obtained or until this pressure rose to
within 20 millimeters of the systolic arterial
pressure. Al this time, the nitrous oxide was
discontinued and the CSF pressure recorded
until stable.
Results

Following the removal of CSF and replace-
ment by air, stable cisternal pressure of 0, 17,
18, and 25 mm. of mercury (0, 231, 245, and
330 mm. of water) were obtained in the four
dogs. With addition of nitrous oxide to the
anesthetic, cisternal pressures rose to 41, 87,
63, and 108 mm. of mercury (557, 1080, 883,
and 1470 mm. of water), respectively (fig. 1).
These increases all occurred within 10 minutes
after the nitrous oxide was begun. Within ten
minutes of discontinuing the N,O, the cis-
ternal pressures fell to less than 20 mm. of
mercury (272 mm. of water) in all dogs (fig.
2). The initial drop was delayed for one to
two minutes in several of the dogs, both be-
cause it took this long for the end-tidal N,O
to drop significantly and because of the time
delay for witrous oxide washout from the
brain.?

In several of the experiments, a curious
phenomenon was observed. \While waiting
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Fic. 3. The “sawtooth” rise and fall in the
cisternal pressure of dogs observed during nitrous
oxide anesthesia, This might represent a “bubble”
of gas or fluid being pushed out of the sub-

id space through the ar i anula-
tions when CSF pressure rose to a sufliciently
high value and overcame the interfacial tension
between the granulations and the gas.
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Fic. 4. Risc in lumbar subarachnoid pressure of
humans following the addition of 75 per cent
nitrous oxide to the anesthetic at time zero.  Air
had previously been injected into the lumbar sub-
arachnoid space and steady control pressures of
from 19 to 39 mm. of mercury had been obtained.

for a peak cisternal pressure to be obtained,
there was a sudden rapid fall in cisternal pres-
sure after which it slowly rose again (fig. 3).
The “sawtooth” rapid fall and slow rise re-
peated itself several times. Welch * has shown
that the arachnoidal granulations are actually
microscopic channels that act as one-way
valves and allow cerebrospinal fluid to flow
from the subarachnoid space into the superior
sagittal sinus, but prevent the flow of blood
in the opposite direction. The flow of fluid
is increased by an increase in perfusion pres-
sure. There is a critical opening pressure at
which flow through the channels begins. This
opening pressure is related to the interfacial
tension between the wall of the channel and
the fluid. In our study we postulate that al-
though the flow of cerebrospinal fluid through
the arachnoid granulations was occurring and
probably increasing as the pressure rose, a
higher opening pressure was needed for the
passage of a gas bubble. This is because of
the higher interfacial tension between the
channel wall and the non-wet gas phase within
the ventricle. When this higher pressure was
reached, a bubble of gas escaped, thus lower-
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Fic. 5. Fall in human lumbar subarachnoid
pressure following the discontinuation of nitrous
oxide anesthesia at time zero.

ing the intraventricular pressure. It is only
when the pressure rises again that another
bubble of gas escapes. These bubbles of gas
must be small, and being mixed with return-
ing venous blood are probably not a hazard
as emboli.

When nitrous oxide was administered before
air was injected into the cistern, no change in
cisternal pressure was observed.

If nitrous oxide rather than air were injected
into the subarachnoid space while the dog was
breathing nitrous oxide, a slight fall in cis-
ternal pressure was seen,

The results of the studies in man are seen
in figure 4. Initial pressures were generally
higher (19, 39, 39 mm. of mercury or 258, 530,
and 530 mm. of water) than they were in the
dogs because with the patient in a sitting posi-
tion, the hydrostatic pressure of a column of
CSF was added to the pressure in the ven-
tricles. When nitrous oxide was administered,
there was a rise in CSF pressure that was simi-
lar although quantitatively less than that which
occurred in the dogs (fig. 4). Peak pressures
of 53, 69, and 71 mm. of mercury (720, 937,
and 9868 mm. of water), respectively, were ob-
tained. Discontinuance of nitrous oxide re-
sulted in a return of CSF pressure to below
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the previous control readings within ten min.
utes (fig. 5).

Discussion

These results are counsistent with previous
investigations into the phenomenon of gascous
exchange in and out of air spaces within the
body. Hunter! reported small increases (7
cm. of water) in intrapleural pressure occurring
in patients receiving nitrous oxide who had
prior therapeutic pneumothorax. He con-
cluded that the pressure rise was due to the
fact that nitrous oxide, because of its high
blood gas solubility compared to nitrogen, was
brought to the pleural cavity faster than the
nitrogen was removed. The rise in intra-
pleural pressure that Hunter reported was small
because of the high compliance of the intra.
pleural cavity. As a result, an increase in
volume rather than pressure was the pre-
dominant change.

Tenney * injected sulfur hexafluoride, a gas
with a lower blood gas solubility than nitrogen,
into the peritoneal cavity of dogs and cats and
observed a rise in volume of peritoneal gas. In
this case nitrogen, having a higher blood gas
solubility than SFg, was carried to the peri-
toneal cavity in greater quantity than SFy was
carried away.

We believe that the following sequence takes
place in the cerebral ventricles during air con-
trast studies under nitrous oxide anesthesia.
A volume of air is injected into the subarach-
noid space and rises to the ventricles. The
gas in this air is composed of nitrogen and
oxygen with the partial pressure of nitrogen
being approximately 600 mm. of mercury. The
blood that circulates through the walls of the
ventricles carries nitrous oxide at a partial
pressure of about 550-800 mm. of mercury
(depending on the percentage of nitrous oxide
administered) and essentially no nitrogen.
Therefore, a gradient exists between the air
in the ventricle and the blood for both nitrous
oxide and for nitrogen. Thirty times more
nitrous oxide than nitrogen can be carried in
the blood at the same partial pressures because
the blood gas solubility coefficient of nitrous
oxide is thirty times that of nitrogen (table 1).
Thus, initially, a greater number of nitrous
oxide molecules can be given up by blood to
the ventricles, compared to the number of
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nitrogen molecules removed. The result is an
increase in the total number of gas molecules
within the ventricles. Since the compliance
of this intracranial space is limited because of
the skull, the pressure must rise. If no nitro-
gen were lost and il the compliance were zero,
then at equilibrium the intracranial pressure
would increase by 550-690 mm. of mercury.
This maximum pressure increase does not oc-
cur for the following reasons: (1) some nitro-
gen is absorbed, (2) cerebrospinal fluid and
gas are lost through the arachnoid granula-
tions, and (3) vascular channels can be com-
pressed.

When nitrous oxide is discontinued, a re-
verse in gas exchange occurs. The partial
pressure of nitrous oxide in blood falls to zero;
and the nitrous oxide, because of its high
blood solubility, is rapidly carried away from
the ventricles. At the same time, even if the
patient is breathing air, only a small amount
of nitrogen can be carried to the ventricles
because of the low solubility of nitrogen in
blood. The end result is a decrease in the
number of gas molecules within the space and
a decrease in CSF pressure.

The pressure increase will occur with any
relatively soluble agent that is given in a high
percentage or partial pressure (i.e., N,O,
ethylene, xenon). Rise in pressure with ethyl-
ene or xenon would probably be somewhat
less rapid and less extreme than with N,O be-
cause of the lower blood solubility of these
gases.

The increase in pressure can be largely
avoided if one of several things is done. First,
one could avoid using an anesthetic such as
nitrous oxide that must be administered in
high concentration. However, if nitrous oxide
anesthesia were used, the injection of nitrous
oxide instead of air into the ventricle would
eliminate the gradient from blood to ventricle
and prevent transfer of gas molecules into the
ventricle. At the end of the procedure, when
the nitrous oxide anesthesia was discontinued,
the partial pressure of nitrous oxide in the
bloed would fall to zero, and nitrous oxide in
the ventricle would be rapidly removed by
the blood. The end result would be the rapid
disappearance of the intracranial gas space.

A further advantage in the use of a soluble
gas such as nitrous oxide rather than air for
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Tanik 12 Blood/Gas Partition Cocflicients of Gases
That. Might Be Present. in the Blood at
High Partial Pressures

Blood/Gas Partition

Agent Coeflicien
Nitrous oxide 0.468¢
Nitrogen 0.0137
Ethylene 0.1408
Xenon 0.20°
Cyclopropane 0.415%

encephalography would be the decreased in-
cidence of post pneumoencephalographic head-
ache. The severity and duration of these
headaches appear to correlate with the length
of time that injected gas remains in the ven-
tricles.”*  Aird has reported that in dogs,
ethylene injected for encephalographic studies
disappeared within two hours and N,O within
an hour, while air remained for seven days.»*
Newman '* used ethylene for 30 pneumoen-
cephalograms and noted a markedly decreased
incidence of postinjection headache. The use
of nitrous oxide or ethylene as the contrast gas
resulted in roentgenograms that were per-
fectly satisfactory.

Deaths associated with pneumoencephalog-
raphy have been reported to occur in an in-
cidence from 0.22 per cent '* to 8.17 per cent."
When autopsies are performed to ascertain
the cause of death, the most frequent diag-
noses are air embolism or death secondary to
the disease process for which the contrast
study was being performed. In a number of
cases, however, the cause of death is obscure.
An increase in intracranial pressure necessitates
an increase in arterial blood pressure to perfuse
the brain. It is possible that if a patient al-
ready has increased intracranial pressure, he
may be unable to compensate for a further
rise in intracranial pressure and cerebral
ischemia may result. This rise in intracranial
pressure might also lead to cerebral congestion
and edema on the basis of venous obstruction.

The following is a report of a death that seems
to fall into the pattem of this discussion. A 4
month old child underwent pneumoencephalog-
raphy. Except for radiologic evidence of increased
intracranial pressure (spreading of the sutures),
there were no abnormal neurological findings.
Anesthesia was induced and maintained with ni-
trous oxide oxygen 3:1 liters/minute and halo-
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thane 1 per cent through an Ayre’s T-piece. Endo-
tracheal intubation was accomplished with case
following which the ehild was placed in the sitting
position, A ITnmbar pincture was performed and
37 nl. of air were injected into the subarachuoid
space withowt removal of fluid,  Ten mivutes
later, respirations suddenly ceased and the pulse,
which had been stable at 120, suddenly fell to 65.
Upright roentgenograms were taken during  this
sudden Lh'mg,e in status following which the child
was placed in the supine position. At this lime,
pulmonary edema was noted, This was success-
fully treated with pulmonary positive pressure
oxygen, toumniquets, and rapid digitalization.
However, the child expired shortly aftenward.
Autopsy revealed an organizing subdural hema-
toma, a cerebral contusion, and evidence of pul-
monary edemi.  The roentgenograms that had
been taken showed air in the ventricles as well as
the subdural space.

The probable circumstances leading to this
child’s death are: (1) he had increased intra-
cranial pressure, {2} this was further increased
by the injection of air into the ventricles, and
(3) increased further by nitrous oxide. The
final intracranial pressure was not tolerated by
this child, as evidenced by the apnea, brady-
cardia, and pulmonary edema.

We have demonstrated in dogs and in hu-
man beings that a rise in intracranial pressure
does in fact accompany pneumoencephalog-
raphy under nitrous oxide anesthesia, Since
the mortality associated with this procedure is
low, the rise in pressure is apparently well
tolerated by the majority of patients. How-
ever, we feel that the occasional unexplained
death associated with pneumaencephalography
(such as reported here) may result from the
cerebral ischemia and consequent brain dam-
age, and/or profound hypertension and pul-
monary edema due to increased intracranial
pressure.* It is for this reason that we feel
that nitrous oxide anesthesia is contraindicated
during air encephalography.

Summary

Nitrous oxide anesthesia during or following
the injection of air into the cerebral ventricles
has been shown to result in an increase in
cerebrospinal fluid pressure. The mechanism
for the increase in pressure is attributed to the
high blood solubility of nitrous oxide com-
pared to that of nitrogen. The difference in
solubility results in a greater number of nitrous
oxide molecules entering the ventricles than
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the number of nitrogen molecules that leave,
This gascous exchange can be eliminated if
nitrous oxide rather than air is injected into
the ventricles.

We believe that the rise in cerebrospingl
Hluid pressure may be the reason for the oc-
casional unexplained fatality that occurs during
pneumoencephalography, and for this reason
nitrous oxide is contraindicated as an anes-
thetic for pneumoencephalography.

References

1. Hunter, A. R.: Problems of anaesthesia in
artificial pneumothorax, Proc. Royal Soc.
Med. 48: 765, 1955,

Eger, E. I, IL and Saidman, L. J.: Hazards
of nitrous oxide anesthesia in bowel obstruc-
tion and pneumothorax, ANEsTHESIOLOGY 26;
61, 1965.

Frumin, M. J., Sulanitre, E., and Rackow, H.:
Excretion of nitrous oxide in anesthetized
man, J. Appl. Physiol. 16: 720, 1961,

Welch, K., and Fried V.: The |
spinal fluid valves, Brain 83: 454, 1960,

. Tenuey, S. M., Campenter, F. G,, and Rahn,
H.: Gas transfers in a sulfur hexafluoride
prenmoperitoneum, J. Appl. Physiol. 6: 201,
1953.

. Kety, S. S., Harmel, M. H., Broomell, H. T.,
and Rhode, C. B.: Solubility of nitrous oxide
in blood and brain, J. Biol. Chem. 173; 487,
1948.

. Van Slyke, D. D,, Dillon, R. T., and Margaria,
R.: Studies of gas and electrolyte equilibria
in blood, J. Biol. Chem, 105: 571, 1934,

. Marshall, E. K., Jr., and Grollman, A.: Method
for determination of circulatory minute vol-
ume in man, Amer. J. Physiol. 86: 117, 1928,

. DeBon, F. L., and Featherstone, R. M.: Un.
published observations.

10. Possati, ., and Fuulconer, A.: Effect of con-
centration of hemoglobin on solubility of
cyclopropane  in  human blood, Anesth,
Analg. 37: 338, 1958,

11. Davidoff, L. \l and Dyl\e, C G.. The Nor-

©

I

Ll

(2.

=

-

=]

=]

mal E phia, Lea and
Febiger, 1951 pp 46—48

12, Aird, R. B.: Fm-- 1 encephal )
with anesthetic gases, Arch, Surg 32: 193
1936.

13. Newman, H. W.: Enccphalography with eth-
ylene, ]AMA 108: 461, 1937.

14. Grant, F. C.: Vcnlricu]ogmphy. Review
based on an analysis of 392 cases, Arch.
Neurol. Psychiatry 14: 513, 1925,

Campbell, G. S., Haddy, F. J., Adams, W. L.,
and Visscher, M.B.: Clrculntory clrmgcs and
pulmonury lesmns in dogs following in-

, and effect of

changes, Amer. J.

—
“«

atropine upon such
Physiol. 158: 98, 1949,

20z ludy 61 uo 3senb Aq ypd-z1000-0001 0596 L-Z¥S0000/SSLE8C/ L9/ L/9Z/spd-al0iE/ABOjOISBUYISBUE/LIOD JIBYDIDA|IS ZESE//:d]Y WOL papeojumoq



